Summary. The advent of direct sequencing via the pOlymerase chain reaction (PCR) has opened up the possibility of molecular studies on museum specimens. Here we analyze genetic variation in populations over time by applying PCR to DNA extracted from museum specimens sampled from populations of one species over the last 78 years. Included in this study were 43 museum specimens of the Panamint kangaroo rat Dipodomys panamintinus from localities representing each of three geographically distinct subspecies. These specimens .Were originally collected and prepared as dried skins in 1911, 1917, or 1937. For each specimen, a 225-bp segment of the mitochondrial genome was sequenced. These mitochondrial DNA sequences were COmpared to those of 63 specimens collected at the Same localities in 1988. The three subspecies were nearly completely distinct. Only 2 of the 106 indiViduals shared mitochondrial types between subSpecies. For all three localities, the diversity levels Were maintained between the two temporal samples. The concordance observed between the two temPOrally separate phylogenies supports the use ofmuSeurn specimens for phylogenetic inference. This Study demonstrates the accuracy and routine nature of the use of museum specimens in the analysis of mitochondrial sequence variation in natural populations and, importantly, that a temporal aspect can now be added to such studies.
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Introduction
Over the past 10 years, mitochondrial DNA (mtDNA) has been a productive source of information about genetic variation at and below the species level (for reviews, see Wilson et al. 1985; Harrison 1988 ). However, because these studies have been restricted to the analysis of present-day populations, they represent a static view of the historic processes that shape the genetic variation detected in contemporary populations. Due to recent technical advances brought about by the polymerase chain reaction (PCR) (Kocher et al. 1989; P/i/ibo et al. 1989; White et al. 1989) , and because for some species samples of populations were collected many decades ago and preserved as museum study specimens, it is now possible to overcome these shortcomings and compare the genetic variation in zoological and archaeological collections with that in populations living today.
Among the vertebrates preserved in museums, the rodents of western North America stand out in the extent of their collections that go back to the early decades of this century. This is especially so for the kangaroo rats (Dipodomys), a North American endemic group (family Heteromyidae) of 20-24 species that inhabit deserts and other arid habitats. Our study utilizes multiple skins available from populations of the Panamint kangaroo rat, Dipodomys panamintinus, which consists of five subspecies that occupy five nonoverlapping regions in California and Nevada (Fig. 1) . The three subspecies examined here, A, B, and C, include populations occurring in stable undisturbed habitats that have experienced no known sources of population reduction between the sampiing dates. Based on the size of the geographic range (Hall 1981) , the subspecies sampled with the largest population size (Table 1) is A (Dipodomys panamintinus mohavensis). The second subspecies, B (Dipodomys panamintinus caudatus), has a smaller range and is geographically the most isolated of all the subspecies, whereas the third subspecies sampied, C (Dipodomys panamintinus panamintinus), has a very restricted range and the populations sampled have relatively low densities.
Through the analysis of variation in the mtDNA sequences of these kangaroo rats, we investigate the evolutionary history of their populations in two ways. One way is through estimates of genetic diversity and levels of pairwise sequence difference that are indicators of population size. By sampling each population at two time points, we directly investigate the maintenance of diversity in these natural populations. In addition, information on biogeographic substructuring and potential migration events during the evolution of this species is derived from the phylogenetic relationships of the individuals in these populations. Genetic continuity and timing of potential immigration events in these populations are 
DNA Extractions.
A half gram of liver from modern specimens or 1-3 mm 2 of dried skin tissue from museum specimens was digested in 8 ml of 10 mM Tris-HCl (pH 8.0), 2 mM ethylenediamine tetraacetate (EDTA), 10 mM NaCI, 1% sodium dodecyl sulfate, 10 mg/ml of dithiothreitol, and 0.5 mg/ml proteinase K at 37~ with constant gentle mixing for approximately 20 h. The resulting solution was extracted twice with phenol (pH 8.0) and once with chloroform/isoamyl alcohol (24:1). For museum specimens approximately 10% of the extract was then concentrated and desalted on a Centricon 30 microconcentrator (Amicon). In the case of fresh liver, total nucleic acids were recovered from the extract by the addition of 2.5 volumes of ethanol and centrifugation. Panarnintinus and I). heermanni employed the versatile primers L15926 and H651 described by Kocher et al. (1989) . Subsequent amplifications were performed with L 15926 and an internal primer designated Dpd3 (Fig. 2) . Dpd3 was used in order to reduce the size of the fragment being amplified, because that increases the efficiency of amplifications from old templates (P~i~bo et al. 1988; Ph~ibo 1989) . Amplifications with L15926 and Dpd3 were carried out by denaturation at 92"C for 30 sec, annealing at 500C for 1 rain, and extension at 72"C for 1 min. Amplifications from museum specimens required 40 cycles, whereas modern DNA extracts required 30 cycles. Extraction controls, where no museum skin or liver was included during the extraction procedure, as Well as amplification controls, in which water was added to the reaction in place of tissue extract, were performed throughout. Such controls are imperative to ensure that the sequences being amplified are from the specimens being examined and not due to laboratory contamination (P~i~ibo 1990) .
Amplifications and
Amplification products were resolved by electrophoresis in a 4% NuSieve agarose gel in Tris-acetate buffer and stained with ethidium bromide to visualize the DNA. One to 2/zl of each of the isolated double-stranded bands were used as templates for amplifications during which templates for sequencing were generated by the unbalanced priming method (Gyllensten and Erlich t988). Thirty cycles under the same conditions as above were Performed, with the exception that one of the primers was reduced 100-fold in concentration. After centrifugal dialysis on Centricon 30 microconcentrators, 7 #1 of the retentate was used for sequencing using the dideoxynucleodde chain termination method and Sequenase enzyme (United States Biochemical). The Products of the sequencing reactions were resolved in 6% polyaerylamide._7 M urea wedge gels and autoradiographed.
v..jSequence Analysis. Mean pairwise differences between indi~UUals were ealc e of osltlons where dlf ulated as the percentag p " ' " -ferences were observed. For comparisons of individuals from one POpulation with those of another population, Eq. (1) was used.
Where D is the corrected mean difference between populations X and y, Dx v is the observed mean difference between the two P~ D e wi hm o ulatlon X and r~ -" , x is the mean differenc "t " p p " , o v ts the corresponding value for population Y (cf. Wilson et al. Cann et al. 1987) . The genetic diversity (h) was calculated as in Nei and Tajima (1981) . Sequences were aligned with the aid of ESEE (Cabot and Beckenbach 1989) . The genealogical relationships among the mtDNA types were obtained by parsimony analysis using PAUP (Swofford 1989) . , exhibits unique substitutional differences from D. panamintinus (see Fig. 5 ). Boundaries of the three regions of the genome are indicated; the termination-associated sequence of the control region is underlined. 30 or 40 cycles of PCR. Typical sequencing reactions from modem and museum tissues gave single unambiguous sequences (Fig. 3) . For each specimen, a total of 225 bp of sequence was determined. The sequence for this region (Fig. 4) Regions are defined as in Fig tRNA, TAS, and D loop), the distribution of variable sites among them does not fit with random expectations (Table 2) , due to a relative lack of variable sites in the tRNA and TAS region compared to the D loop.
Results
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Diversity of mtDNA Types
Twenty-three mitochondrial genotypes were identified among the 106 individuals analyzed (Fig. 6 and Table 3 ). Twelve of these types occur in the geographically most widespread subspecies (A), seven in subspecies B, and five in the subspecies with the most limited range (C). Only one mitochondrial type (B6, C5) was shared between geographically defined subspecies, and it was uncommon in both SUbspecies (Table 3) . Pairwise differences among all mitochondrial types are given in Table 4 . Up to 12 differences are found between the most divergent types. Estimates of the mean pairwise difference between individuals at each locality were made for each temporal sample. The values range from 0.5 (i.e., 0.22%) for the 1988 sample at locality B to 3.9 (i.e., 1.72%) in the 1988 sample from locality A (Table 5 ). In addition, COmparisons were made between the A, B, and C populations. The mean numbers of differences between individuals of different populations were 6.7 for A vs B, 6.4 for A vs C, and 6.2 for B vs C. Thus, they consistently exceed the mean differences found Within populations.
Estimates of genetic diversity, or the probability that any two individuals chosen at random will be of different mitochondrial types, for the C sample (0.64 and 0.37) are not less than those for B (0.61 and 0.29) (Table 5) . By contrast, diversity estimates for population A (0.89 and 0.86) are higher than any of the estimates for localities B and C.
Genotype Maintenance over Time
Of the 12 A types, only 2 (A1 and A5) are shared between the 1911 and 1988 samples (Fig. 6) . At locality B, two of the six lineages (B 1 and B2) are shared between the temporal samples. From locality C, with the subspecies having the smallest population, three of the five lineages (C1, C3, and C4) are found in both the 1917 and 1988 samples. For both temporal samples of the B and C populations, one of the shared types is found at a high frequency (62-84%), namely, type B1 in population B and C1 in population C (Fig. 6 ).
Phylogenetic Relationships
Population Tree A UPGMA (unweighted pair-group method using arithmetic averages) tree relating the populations studied was constructed from corrected interpopulation distances, calculated with Eq. (1), which corrects for variation within populations (Fig. 7) . The mean pairwise differences between temporal samples (when corrected for variation within each sam- pie) are exceedingly small (i.e., not significantly different from 0.0%). By contrast, the mean difference between localities ranged from 1.5 to 2.0%. This result emphasizes how very similar the museum Samples are to their modern counterparts.
Molecular Trees
We have also analyzed the phylogenetic relationships of the mtDNA molecules and present two trees, one for the museum mtDNAs and the other for the modern mtDNAs (Fig. 8) . Each tree is divisible into lineage segments, 22 for the museum tree and 21 for the modem tree; more than half of these segments are shared between the two trees and are designated by thick lines in Fig. 8 . Moreover, the most frequent types in each population are derived from these shared lineages. So, the two trees are quite similar.
The outgroup used to root the modem and muSeum trees is D. californicus. (Figs. 4 and 5) . In addition, the pairwise differences lack the transition bias found within D. panamintinus (Table 4) . Based on pairwise differences D. californicus is outside the D. panamintinus subspecies sampled and also shows effects of multiple hits based on its loss of a transition bias3
In both molecular trees, the B clade and part of the C clade appear to stem from clade A. In particular, both the B and C clades are clearly related to 2 The population tree (Fig. 7) and the two molecular trees ( the A2 and A8 lineages. In addition, the subspecies (C) with the fewest types and lowest diversity contains two very deep lineages, one leading to C3 and another to C1, C2, C4, and C5.
Discussion
Distribution of Variation
The finding that the TAS is conserved relative to the putative D-loop portion of the control region (Fig. 4 and Table 2 ) is consistent with a functional role for the TAS in termination of the D loop (Brown et al. 1986 ). An alternative explanation might in- .~ The total number of pairwise combinations between modern and museum samples The probability of identity is related to the diversity (h) in Table  5 and is equal to 1-h. The range for 1-h reflects the h values for each of the two temporal samples c The range of expected identical pairs reflects the different diversities in each of the temporal samples clude a higher mutational load for the triple-stranded region (Olivo et al. 1983) . A comparison of evolutionary rates for these sequences to rates at silent positions of protein-coding genes should shed light on these alternative hypotheses.
The human control region has been shown to evolve at approximately five times the rate of the mitochondrial genome as a whole (Greenberg et al. 1983; Cann et al. 1987) . Based on the nonrandom distribution of variation in the kangaroo rat sequence, we would not expect this segment of the Dipodomys control region to be evolving as fast as the entire human control region. We assume here that this 225-bp sequence is diverging by 3.5% per million years, based on the assumption that only the rapidly evolving D-loop region is evolving at the high rate.
Regional Continuity of Mitochondrial Genotypes
Lineage Maintenance
For locality A, 10 of the 12 types are not shared between the 1911 and 1988 samples. Based on the genetic diversity at locality A (h = 0.86-0.89), the probability that any two individuals chosen at random will have the same type is 0.11-0.14 (Table 6) . If the two temporal samples are drawn from the same population, then the number of pairs of individuals that share mitochondrial types between temporal samples is expected to be the product of the probability of identity and the total number of pairwise combinations between temporal samples. Therefore, of the 280 possible pairs at locality A, we expect 31-39 pairs to share types. The observed number (24) is not significantly different from that expected ( Table 6 ). The apparent deficiency of shared genotypes between temporal samples at the A locality is thus consistent with a large population size and no change in genotype frequency with time, rather than, e.g., being attributable to migration events or population bottlenecks. For the B and C samples, the observed number of individuals that share mtDNA types is much higher than in A (Fig.  6 and Table 6 ). Again, the observed numbers of shared genotypes between temporal samples are not different from the expected numbers (Table 6) .
At locality B we find the frequencies of mitochondrial types not to be statistically different in 1937 and 1988. Assuming a generation time of between 1 and 2 years, the effective population size Over the 25-50 generations separating the two sample points would have to be very small (approxi-.mately 25-50 females) in order to detect a difference m genotype frequency between the museum and modern samples. Because the population sizes are expected to be orders of magnitude larger (Table 1) , OUr finding that the frequencies of the mitochondrial types are invariant during this period is a direct observation completely consistent with the theory that the mitochondrial differences are neutral.
The locality representing the subspecies with the fewest individuals (C) has the highest probability of experiencing changes in mitochondrial genotype frequencies over the time between samples. The mitochondrial genotype frequencies in Fig. 6 do not indicate any significant change in frequency of types, and the number of observed pairs with shared types is consistent with expectation (Table 6 ). 3 It is noteWorthy that if only the present-day population had been sampled, the observation of a very divergent lineage (C3, Fig. 8 ) at locality C could have led to the suggestion that much of the variation in the C POpulation is due to immigration events. Our diachronical approach shows that, at least for the 71 Years sampled, the C genotypes are present at the Same frequency.
Temporal Stability of Population and Molecular Trees
The relationships among the three populations based on mean pairwise differences (Fig. 7) are clearly the same for museum samples as for modem Samples. The molecular trees (Fig. 8 ) make it evident that this congruency is the result of the persistence of major lineages between the new and old Collections from all populations sampled.
Nevertheless, most of the A genotypes in the museum tree are different from those in the 1988 tree. This is probably the result of there being a great variety of closely related mtDNA types in the A POpulation. Consistent with this view, the A indiViduals collected in 1911 are as diverse as those collected in 1988 (Table 5) . Thus, the congruence indicates that our phylogenetic hypothesis is robust to temporal variation and to the presence or absence of specific lineages and that mtDNA diversity has been maintained within each of the three geographic regions sampled. 4
Geographic D&tribution of Mitochondrial Genotypes
Geographic Substructure and Phylogeny
There is a high degree of concordance for mtDNA types and geographic distributions, which implies little movement on a recent time scale. Only two out of the 106 individuals break the association of each mtDNA type with a specific population. However, phylogenetically, this is not as true. The nearest relative of a randomly picked type from the A or C localities is not always another A or C type, respectively (Fig. 8) . Of the three populations the most phylogenetically distinct is B, where the nearest relative of any B type is always another B type.
That the B samples are monophyletic with respect to the A and C lineages is supported by an observed karyological difference among these subspecies. The B subspecies is unique in having a one-armed chromosome in place of a two-armed version present in the other four subspecies and in D. californicus (Dingman et al. 1971; Stock 1974) , suggesting that the B karyotype is derived. If this chromosomal change were due to a dramatic event, such as a pericentric inversion, which could have severe meiotic consequences, a population bottleneck may have been required for this karyotype to become fixed. Although the observed karyological difference could be due to an inversion, the one-armed B chromosome is also smaller than its counterpart in A (Stock 1974) , suggesting that this may represent the meiotically mild loss of a heterochromatic arm.
The mean pairwise differences and estimates of diversity within localities A and B (Table 5) correlate with estimates of population size based on geographic range (Table 1) . By contrast, the sample of subspecies C, with an expected population size much smaller than B, has as much diversity as the B sample (Table 5) . However, the range ofpairwise differences in C (from one to eight substitutions) is much larger than for B (one to three substitutions). This increased range may reflect immigration events from the large neighboring A population, which is geographically close to the C population, thereby inflating the estimate of C's population size. (Removal of the two low-frequency divergent lineages, Nevertheless, we cannot exclude the possibility that both the B and C populations have lost some variability over the period Studied (Tables 5 and 6) 4 Low-frequency lineages shared by populations (C5, B6) also underscore the importance of large sample sizes for valid systematic interpretations Number of differences C3 and C5, reduces the mean pairwise difference dramatically.) If so, further sampling may reveal the presence of C3 and C5 in subspecies A. Shared lineages are likely to be a remnant of a time when these subspecies had contiguous geographic ranges. The vegetational history indicates that their ranges were contiguous as recently as 13,000 years ago (McCarten and Van Devender 1988) , a time much shorter than the times to common ancestry for all three subspecies. The A samples are clearly derived from a more diverse population than either the B or C samples, indicating a large effective population size for A relative to the latter two populations. That it may have served as a donor population for the other less diverse subspecies is supported by the rooted trees (Fig. 8) and consistent with the biogeography of the northern Mojave region and the heermanni group of kangaroo rats, to which D. panamintinus belongs. The diversity observed at locality A further suggests that, although kangaroo rats are highly sedentary (Jones 1987 (Jones , 1989 , this does not preclude the existence of high levels of variation within localities. A more complete survey of the temporal and spatial mitochondrial variation in D. panamintinus should contribute greatly to an understanding of the population dynamics and evolution of this species as well as the faunal history of the Mojave region.
Geographic Substructure and Pairwise Distances
Another way to evaluate the evolutionary history of these subspecies is to compare the distribution of pairwise distances within each locality sampled (Fig. 9) . The distribution in population A differs from that found in B and C in two important ways. First, it has a low frequency in the zero difference class. By contrast, both B and C are dominated by the zero difference class, as a result of having a large proportion of individuals of a single genotype. Second, the genotypes found in the A population are, in general, more distantly related to one another (Table 5 and Fig. 8) . Both of the above observations concerning population A are consistent with its having a larger long-term effective population size than B or C (Avise et al. 1988 ). Large population sizes are expected to increase diversity and reduce the frequency of the zero class by increasing the probability of lineage survival over time. The increased probability of lineage survival would be expected to increase the frequency of more divergent classes as seen in the A population.
Morphological differences among the three subspecies are subtle, and, although mean values differ, there is substantial overlap in the distributions of these differences. A review of the original descriptions (Merriam 1894; Grinnel11918; Hall 1946) and subsequent taxonomic reevaluations (Grinnell 1922; Hall 1946 Hall , 1981 indicate that these three subspecies differ in the following manner: On average subspecies B is the largest (head + body + tail), C is intermediate, and A is the smallest. The auditory bullae of B are the most flattened, of A the least flattened, and those of C again intermediate. Within subspecies geographic variation is to be expected. The published descriptions are from specimens at each of the three type localities. The mtDNAs from subspecies B and C are also from the type localities, whereas our A sample is 51 km away from the type locality for D. p. mohavensis.
Authenticity of Sequences from Museum Skins
It has been shown before that PCR can amplify DNA sequences from museum specimens (P~i~ibo and Wilson 1988; Thomas et al. 1989 ) as well as from archaeological remains (P~i~ibo et al. 1988; P~i~ibo 1989) and that direct sequencing of the amplification products is essential for correct sequences to be determined (P~i~bo and Wilson 1988) , as bacterial cloning may introduce errors due to misrepair of lesions present in old DNA. The present study expands these results and demonstrates the routine nature of amplification and direct sequencing of DNA from museum specimens, in that the extraction, amplification, and sequencing of 43 out of 49 museum specimens were accomplished2
